We found that a carbonic anhydrase, YadF, is essential for cell growth in the absence of another carbonic anhydrase, CynT, in Escherichia coli. However, mutant strains lacking both of them grew at high CO 2 concentrations (5%), where non-enzymatic mechanisms generate HCO -3 . This suggests that these carbonic anhydrases are essential because they maintain HCO -3 levels at ambient CO 2 concentrations.
The sequencing of the whole Escherichia coli genome has resulted in the identiˆcation of all 4,288 genes on the chromosome. 1) However, the biological functions of the majority of these genes remain unclear. In particular, many of the genes involved in E. coli cell proliferation have not been identiˆed. To locate the remaining essential genes, we systematically deleted parts of the chromosome and assessed the eŠect of each deletion on proliferation (Kato et al. unpublished) . When we analyzed the 2.90-3.45 min chromosomal region (speD-dksA), we found that this region could be deleted in the presence of a plasmid carrying the pcnB, folK, and yadF genes, which occur in the 2.90-3.45 min region (Kato et al. unpublished) . This observation suggests that these genes might be essential for cell growth under the experimental conditions used. One of these genes, yadF, which is located at 3.1 min, encodes a carbonic anhydrase. 2) Carbonic anhydrases catalyze the hydrationdehydration of carbon dioxide (CO 2 )-bicarbonate (HCO3 -) (CO2＋H2OßHCO3 -＋H ＋ ). These enzymes support various physiological functions, including respiration, CO2 transport, and photosynthesis. The major metabolic pathway for producing CO2 is the Krebs cycle, and the inducible decarboxylases are thought to supply CO2 when the CO2 level is lowered.
3) Cellular levels of CO2 and HCO3 -are important for cell growth since HCO3
-is required for HCO3 --dependent metabolic reactions. 4) Four classes of carbonic anhydrases (a, b, g, and d ) have been identiˆed so far. [5] [6] [7] All are phylogenetically unrelated. 5) In E. coli, there are two b-carbonic anhydrases, CynT and YadF, 2, 8) and two candidates for g-carbonic anhydrases, YrdA and CaiE, although these g-class enzymes have not been shown to have the activity. 7) While recent genomic studies showed that the carbonic anhydrases, especially of the bfamily, are widely distributed in prokaryotes, their physiological functions have not been completely clariˆed. 7) We show here that YadF plays an essential role in cell proliferation. Using P1 phage-mediated transduction, we transduced MG1655 cells bearing either a yadF-complementing mini-F plasmid or the vector alone with a disrupted yadF gene (D yadF ::Cm R ). We assessed the transduction e‹ciency under various experimental conditions (Table 1) . In an air concentration of CO 2 (0.035z), Cm R transductants could be obtained at high frequencies only when the yadF ＋ plasmid was present (7.5×10 -5 with yadF ＋ plasmid, 2.7×10 -8 with vector alone). We checked the eight Cm R transductants obtained with the strain with the vector plasmid by PCR using primers 122-1 and 122-2 (see legend to Table 1 ) and conˆrmed that all eight transductants had an extra copy of the yadF ＋ gene in addition to the disrupted yadF gene (D yadF ::Cm R ). This may be due to abnormal rearrangement. These observations indicate that the yadF gene is essential for cell growth, at least under the experimental conditions used here.
We assessed whether the growth of cells lacking the yadF gene could be restored by activating the function of another b-carbonic anhydrase, CynT. The cynT gene exists in the cyn operon, which also includes the cyanase-encoding gene cynS.
8) The expression of the cyn operon is induced by cyanate or azide. The cyanate is degraded by the cyanase (NCO -＋3H ＋ ＋HCO 3 -ª2CO2＋NH4 ＋ ) and the carbonic anhydrase CynT then converts the CO2 into HCO3
-to prevent the cellular depletion of HCO3 -. We compared the e‹ciency of transducing D yadF ::Cm R into MG1655 strains with or without a functional cynT gene under conditions that induce 8.4×10
a The D yadF ::Cm R mutation was constructed using the lred recombination system by which homologous recombination occurs between short regions of homology (more than 40 bp). Using this system, we could obtain deletion mutants by introduction of the Cm R or Ap R DNA fragments, which have a short region homologous to the target region at each end. The D yadF ::Cm R DNA fragment was prepared by PCR using plasmid pACYC184 as the template and the following primers: yadF-N (5?-TAgccAAAcgTAATTATTTggTTAcAggTcgTTAAccTcccTggTgTcccTgTTgATAcc-3?) and yadF-C (5?-gTgTgAAgTTgccggATgTgTTgcATccggcATggcATTTcAcTTATTcAggcgTAgcAc-3?). This DNA fragment was introduced into strain MG1655red W pJK286-yadF ＋ to generate the D yadF ::Cm R mutant. MG1655red is a Km R transductant with KM22 10) as a donor and MG1655 as a recipient. The complementing plasmid pJK286-yadF ＋ was constructed by inserting the yadF ＋ HindIII-NotI DNA fragment into the mini-F vector pJK286 (Ap R ). 11) The yadF ＋ fragment was prepared by HindIII-NotI digestion of the PCR fragment ampliˆed using MG1655 cells as the template and the following primers: 122-1 (5?-ccAAgcTTgTcATcTgccgTATATcggc-3?) and 122-2 (5?-TTgcggccgcAgcTgTTgAAgTTccAgTgc-3?). b Mini-F (Sm R ) is pJK286Sm; mini-F (Sm R )-yadF is pJK286Sm-yadF. The plasmids pJK286Sm and pJK286Sm-yadF were constructed by converting their Ap R marker into a Sm R marker using the lred recombination system. The Sm R DNA fragment was prepared by PCR using plasmid DNA of pAB2001 12) as the template and the following primers: Ap(Sa)N-Sp (5?-gATTTATAAAAATTAcAAcTgTAATATcggAgggTTTATTATgAgggAAgcggTgATcgc-3?) and Ap(Sa)C-Sp (5?-AATATAAgATgTTATcAgTATTTATTATgcATTTAgAATATTATTTgccgAcTAccTTgg-3?). This DNA fragment was introduced into either MG1655 red W pJK286 or MG1655red W pJK286-yadF and the plasmids were obtained from the Sm R Ap S recombinants. The cynT mutation (DcynT ::Ap R ) was constructed by introducing the DcynT ::Ap R DNA fragment into the MG1655red strain and selecting the Ap R recombinant. The DcynT ::Ap R DNA fragment was prepared by PCR using the pJK286 plasmid as the template and the following primers: cynTN-SaApL (5?-gTgAAAgAgATTATTgATggATTccTTAAATTccAgcgcgAAcTTAgccATTTcAAcAcc-3?) and cynTC-SaApR (5?-TTAcgcTgcggTcggTTggcgTAgcggTATggcAcAAAcgTcTcgAAAATAATAgAgggA-3?). c The number of Cm R transductants divided by the number of plaque-forming P1 particles. d 0.035z partial CO2 pressure. e 0.1 mM azide was added to the plates. f 5z partial CO2 pressure. the expression of the CynT enzyme (Table 1) . We found that when azide was added into the culture media and the cells were grown in ambient CO 2 concentrations, the strain lacking the yadF gene but bearing a functional cynT gene showed a normal transduction frequency (MG1655 plus vector alone, 6.1×10 -5 ), unlike the strain lacking both the yadF and the cynT genes, which showed a much lower transduction frequency (MG1655 DcynT plus vector alone, 1.7×10 -8 ). Thus, CynT function can replace the function of the yadF gene product in cell proliferation.
CO 2 can be non-enzymatically converted into HCO3 -. We thus examined the eŠects of high partial pressures of CO2 on the e‹ciency of transducing D yadF ::Cm R into strains bearing the yadF-expressing plasmid or the vector alone (Table 1) . We found that at high CO 2 concentrations (5z), a high frequency of the strain bearing a disrupted yadF gene and lacking the yadF-expressing plasmid was obtained (ambient CO2 concentrations, 2.7×10 -8 ; 5z CO2, 5.4×10 -5 ). This indicates that the function of the yadF gene in proliferation is only necessary at ambient CO2 concentrations. We conˆrmed the essentiality of the YadF in the absence of CO2 by incubating the transductants in the box, which waŝ lled with N2 and in which CO2 was trapped with 5 N NaOH solution (data not shown). The CynT may be induced under the high CO2 concentrations. We also investigated the eŠects of high CO2 concentrations on the e‹ciency of transducing D yadF ::Cm R into strains lacking the cynT gene (Table 1) . High transduction frequencies were obtained (ambient CO2 concentrations, 2.0×10 -8 ; 5z CO2, 6.8×10 -5 ). These results show that the eŠect of high CO2 concentrations is independent of the cynT gene. CO2 can be non-enzymatically con- In the yadF ＋ strain, CO 2 produced metabolically in cells is e‹ciently converted into HCO 3 -and the HCO 3 -is used for cellular HCO 3 --dependent reactions, including proliferation. However, in the yadF -mutant, CO 2 is not e‹ciently converted and is diŠused out of the cells, causing HCO 3 -levels to be depleted. This results in the inhibition of HCO 3 --dependent reactions.
verted into HCO3
-and high partial pressures of CO2 are suggested to thus negate the necessity of the functions of carbonic anhydrases.
Toˆnd whether or not high partial pressures of CO2 are eŠective after the incubation at ambient CO2 concentrations, we further examined the transduction frequency. We found that when the MG1655 strain lacking the yadF-expressing plasmid was transduced with D yadF ::Cm R , grown for various periods in normal air and then exposed to high CO2 concentrations, a high frequency of yadF ::Cm transductants could be obtained, even when the cells had been incubated in normal air for at least 24 hours (Fig. 1) . These results indicate that the defect of the yadF gene inhibits cell proliferation rather than leading to cell death, at least under the conditions used in this experiment.
In conclusion, we have found that the two bcarbonic anhydrases, YadF and CynT, are essential for E. coli cell growth at low CO2 concentrations. The results of this work also show that there are not any other carbonic anhydrases having overlapping functions under the conditions used. We propose that under conditions where cynT expression is not induced, YadF is generated to prevent the depletion of cellular HCO3
- (Fig. 2) . Supporting this notion is that a mutant of the facultative chemoautotroph Ralstonia eutropha H16 that obligately requires high CO2 levels has recently been reported to have a defect in its b-carbonic anhydrase. 9) In addition, b-carbonic anhydrases are widely distributed in prokaryotes, which suggests that this type of carbonic anhydrase may be physiologically important in general. That the enzymes that produce HCO3
-are needed for cell proliferation suggests that HCO3
--dependent enzymes may play an important role in proliferation. Several HCO3
--dependent enzymes have been identied, including carbamoylphosphate synthetase, acetyl-CoA carboxylase, and phosphoenolpyruvate carboxylase. 7) Further analyses will be necessary to identify the enzyme the activity of which is inhibited by depleted HCO3
-levels and therefore limits cell growth.
